Abstract. We present the results from fitting a semi-empirical atmospheric model including a chromosphere and a transition region to the mean (seasonal) Balmer Hα line profiles of the RS CVn-type K0-giant UZ Librae. As a first step, a static 1D spherical model was applied to the mean component of the Hα-emission core and its profile. The main result of the fitting is that the transition region begins at a log mass depth of −1.8 g cm −2 at a temperature of 7400 K (approximately 3000 K warmer than the photosphere) and then has a steep increase to the peak temperature of ≈10 6 K. A stellar model in plane-parallel mode with "partial-frequency redistribution" option in the line transfer gave roughly the best fit. Subsequently, two-Gaussian fitting of the phase-dependent Hα-line profiles yields a complex velocity field. The radial velocities, from both the absorption reversal and the main emission component, display rotational and/or orbital modulation. The largest differences between consecutive line profiles occur mostly in the red line wings, suggesting the existence of both an inward-pointed velocity field and sporadic radiation events possibly related to flares. The total Hα emission, as derived from the equivalent width, possibly also displays rotational modulation. Indirect evidence is presented for the existence of circumstellar matter in form of an Hα absorption shell. Finally, a preliminary elemental abundance analysis suggests sub-solar metallicity of [M/H] ≈ −0.5 dex based on ATLAS models, or −0.7 dex based on PHOENIX models.
Introduction
The atmospheres of magnetically-active cool stars are known to exhibit most, if not all, features of the active Sun. Firstly, these atmospheres seem to consist also of a photosphere, a chromosphere, and an outer corona with its respective and distinct spectral fingerprints. Secondly, a variety of magnetic activity tracers are observed on such stars, e.g. cool spots, flares, and hot plages (see the recent review by Schrijver 2002) . These are usually observed on a much enhanced flux and geometric scale compared to the Sun but are thought to be associated with similar events like rising magnetic-flux tubes, enhanced ultraviolet emission due to coronal heating and long-term light variability due to magnetic cycles.
One of the pioneering atmospheric models for the Sun was that of Vernazza et al. (1973) , also known as the VAL atmospheres, which was a one-component description of the solar atmosphere including its photosphere, a chromosphere and a chromosphere-corona transition zone. The structure of the chromosphere was examined further in the subsequent paper by Vernazza et al. (1981) . Later on, a number of studies, both with a semi-empirical and a modelling approach, appeared on M-dwarf stars to explain the complex emission-line profiles of its hydrogen Balmer and Ca  H and K transitions (e.g. Giampapa et al. 1982; Houdebine & Panagi 1990 ; see the review by Houdebine 1996 and references therein). Among the more recent studies is the paper on the active subgiant II Peg by Short et al. (1998) . Further improvements to the VAL models have been given by Fontenla et al. (2000, and references therein) .
The target in the present paper is UZ Librae (K0III, P rot = 4.77 days), which is the rapidly-rotating primary component of one of the most active RS CVn binaries in the sky. Table 1 summarizes its basic stellar parameters. The star displays photometric variability with an amplitude of up to 0. m 35 in V due to cool starspots and a long-term trend with an amplitude of, so far, 0. m 5 (Oláh et al. 2002a ) possibly due to a magnetic cycle. In one of the first papers on this star, Grewing et al. (1989) presented IUE spectra to discover an ultraviolet excess which they attributed to a companion star with the effective Strassmeier (1996 ), 3. Fekel et al. (1999 ), 4. Oláh et al. (2002b .
temperature T eff ≈ 8000 K and R ≈ 1 R . Oláh et al. (2002a) rediscussed the absolute dimensions of the system and concluded that the secondary is most-likely a low-mass cool star and that the ultraviolet excess can be explained by the active chromosphere of the primary. Further references regarding the literature history of the star are summarized in Strassmeier (1996) . A detailed spectroscopic analysis by Oláh et al. (2002b) , with new Doppler images from the years 1994, 1996, 1997, 1998 and 2000, suggested the presence of two spots 180
• apart at low latitudes that remained observable over at least seven years. A polar spot with several appendages was also detected and used to trace the migration rate at high latitudes. Although no clear detection of differential rotation was claimed by Oláh et al. (2002b) , they presented evidence that it would be most likely anti solar. In a recent attempt to quantify this result, Oláh et al. (2003) carried out a detailed Fourier analysis of the UZ Lib photometry and detected not only a very precise equatorial rotational period but also the rotation period due to the polar appendages, and thus verified that UZ Lib indeed shows weak anti-solar differential rotation.
In the present paper, we focus our analysis on the physical parameters of the chromosphere and the transition region of UZ Librae. The study is based on high-resolution Hα line profiles from the years 1996, 1997, 1998 and 2000 that were taken simultaneously with the photospheric Doppler images presented earlier by Oláh et al. (2002b) . This represents the first attempt to estimate the atmospheric properties of this K0 giant in both the vertical and the azimuthal direction, and to link it to a possibly systematic dynamical behavior.
Observations 1996-2000
A total of 56 spectra were obtained with the 0.9 m coudé-feed telescope at Kitt Peak National Observatory (KPNO) between 1996-2000. The same spectra were already used for the Doppler-imaging analysis by Oláh et al. (2002b) and all phases quoted in present paper were computed with their ephemeris. A detailed summary of the detectors, instrumental set-ups and the data-reduction procedure was given in that paper and is not repeated here. Briefly, the observations have a resolution between R = 27 000 to 38 000, covering the wavelengths from around 638−675 nm and have typical signal to noise ratios of 200:1. April 1998 , April 1997 and January 1996 . Visual inspection of the profile shape already indicates strong variability, sometimes changing from pure emission to strong absorption within a few tenth of a phase. Nevertheless, the seasonally averaged profiles appear very similar from year to year and are the subject of our radiative modelling analysis.
The Hα-emission line profile
The seasonally average profiles were computed with equal weights for the individual spectra and centered on the Hα vacuum rest wavelength. However, each individual profile was then fitted with two Gaussians to obtain parameters such as centroid radial velocity, full width half maximum (FWHM), and the blue-to-red line-wing asymmetry. The line equivalent widths were calculated from a numerical integration of the observed profile. Table 2 where λ stands for central wavelength, FWHM for the full-width of half-maximum, and W for the equivalent width.
Note that the line broadening of the hydrogen emission profile exceeds the rotational broadening v sin i by a factor of 1.5, while the width of the absorption reversal is in agreement with the expected broadening. Neither of the FWHM of the two Gaussians display clear rotational modulation as, e.g., the radial velocities do. The only significant signature is that when the FWHM of the main emission increases the corresponding value for the absorption-reversal decreases. The seasonal mean profile, on the other hand, stays remarkably stable over time. Table 2 lists the individual FWHM (in Å) of the Hα emission from the two-Gaussian fits. The seasonal FWHM values of the mean profiles are 3.6 ± 0.32(rms) Å in 1996, 3.6 ± 0.32(rms) Å in 1997, 3.5 ± 0.31(rms) Å in 1998, and 3.5 ± 0.31(rms) Å in 2000. These values exceed the rotational broadening by a factor of about 1.5. The rotational period and the projected rotational velocity give a minimum radius of R sin i = 6.3 R . Above FWHM values would then suggest an origin of at least part of the emission at an extended radius, e.g. due to a circumstellar environment of up to 1.4 R (assuming corotation). This would mean that the overall Hα emission is composed of two parts: a chromospheric component and a circumstellar component. This has been seen in several active stars, e.g. Oliveira & Foing (1999) , who studied hydrogen and helium line profiles of the G-giant FK Com which exhibits a similar strength of chromospheric activity as UZ Lib. They also found evidence for an extended circumstellar environment up to 1.5 R along with a stellar absorption shell. Because the , 2000b, 1998a, 1998b, 1997 and 1996 . The top profile in each panel (thick line) is the seasonal average. The two 1998 sub-sets represent consecutive nights while there is a gap of 16 days between the two sub-sets for the season 2000. Notice that many phases have water-vapour lines in the spectra, which were used as accurate wavelength markers. The central Hα wavelength as well as the ±v sin i limits are indicated. FWHM of the main emission component of UZ Lib is variable, the individual profiles must be considered as formed in a non-static manner, while the seasonal profiles can be treated in a classical static approach. Consequently, future detailed modelling of individual profiles should confirm or rule out the idea of stellar absorption shells.
Mean-profile FWHM values
3.2. Hα-emission rotational modulation: Link to spots? Oláh et al. (2002b) presented an extensive Doppler-imaging study of the UZ Lib system. Their study employed the same spectra as in the present paper but for other wavelengths as well as another additional season of data (1994), and were supplemented by simultaneous photometry. Besides the existence of a large cool polar spot with several appendages, they found two equatorial active regions that persistently appeared in the direction towards and opposite the (unseen) companion star, at average longitudes of 86
• and 274
• , respectively. The Hα-emission equivalent width in Fig. 3 indicates complex variations being masked with some sudden emission events which may be linked to the polar regions always in view.
The main emission component (Fig. 3 , left panel) is asymmetric which suggests intense long-lived mass motions at the upper chromosphere, giving some support to the description of an active binary system with mass motions. There is rotational modulation of the main emission component (Fig. 2, right panel) which appears systematically blue-shifted by ∼30 km s −1 with respect to the photospheric lines. The latter should not be affected by chromospheric activity processes. The red wing of the Hα profile is more variable and is suppressed (according to its FWHM), thus providing the explanation for the blue shift of the main emission component, and suggesting intense and complex activity. Some other features as prominences, flares, ancillary magnetic field anchors etc. can not be ruled out from our data.
Due to the bound rotation of the K0 giant the hydrogen emission could also be related to the orbital motion rather then to the stellar rotation. Again, Fig. 3 demonstrates several 
Model computations
The coupled equations of radiative transfer, statistical equilibrium, and hydrostatic equilibrium were solved for planeparallel and spherical geometries using the Pandora code (Avrett & Loeser 2002) , both with complete redistribution and partial redistributin of line radiation. The rate equations include bound-bound and bound-free radiative and collisional rates, and processes such as de-electronic recombination. A combination of simultaneous and iterative methods were used to solve the coupled equations of radiative transfer and statistical equilibrium for lines and continua. The overall maximal relative change of all model quantities and level populations in each final iterative solution was 0.01 at every depth point. We used an 8-level hydrogen atom after concluding that a 15-level calculation did not justify the longer CPU running time. The photospheric structure was taken from the radiative equilibrium models of Kurucz (1992 and private communication) for a star of effective temperature T eff = 4800 K, a metallicity of either [M/H] = −1 or [M/H] = −0.6, and a surface gravity of log g = 2.5. Starting at the photospheric temperature of 4000 K, chromospheric and transition-region structures were added, extending outward to a final temperature of 10 6 K. The approach is similar to that of Jordan et al. (1987) and Linsky et al. (2001) who demonstrated for a number of G and K stars the basic properties of upper atmospheres and the energy balance, based on an emission measure analysis of strong UV spectral lines.
The atmospheric depth variable we use is log DM or the log of the mass column density. The chromospheric temperature rise starts at 4000 K where log DM = 1.01 and 0.89 for [M/H] = −1 and −0.6, respectively. The chromospheric distribution is linear in log T vs. log DM extending to the coordinate log T = T 2, log DM = M2. From there, the transition-region distribution extends linearly to log T = 6, log DM = M3.
We show results for 32 emission-line chromospheres (13 for [M/H] = −0.6 and the rest reflecting [M/H] = −1 and various physical inputs like sphericity, non-standard outer non-linear variations -models 5 and 6 in particular; etc.) that provide approximate upper and lower bounds compared with the observed profiles. Figures 5a and 5b show the temperature distributions and the flux profiles for [M/H] = −1. Table 3 lists the values of M3, M2, and T 2 (T 2 = T C the temperature at the top of the chromosphere) for each model and the calculated peak and central residual fluxes.
The partial frequency redistribution (PRD) approximation introduces the effects of monochromatic scattering in the line wings, whereas complete frequency redistribution (CRD) assumes that a photon absorbed in the wings is likely to be reemitted near line center. We assumed PRD in our calculation of the H-alpha profiles, which had little effect on the central and peak values, but reduced the flux in the line wings beyond the peaks, quickly approaching the continuum value, in better agreement with the observed line shape than in the case of CRD.
The results shown in Figs. 5a and 5b and in Table 3 were obtained from plane-parallel calculations for simplicity. Spherical calculations with a stellar radius 6 and 3 times solar typically give flux profiles with peak and central values enhanced by factors about 1.15 and 1.25, respectively.
We found that profiles computed in LTE are totally unrealistic, giving orders-of-magnitude larger emission, and no central reversals.
The calculations also used a turbulent velocity distribution, assumed to be 3 km s −1 in the photosphere, 10 km s −1 in the transition region, and varying linearly with log DM in between. The Doppler broadening of hydrogen lines is mostly thermal so that this additional broadening is of secondary importance. These values also add a turbulent pressure in the hydrostatic equilibrium equations, but again the effect is secondary.
Another active sub-giant star (II Peg) was studied in a similar way by Short et al. (1998) , but in plane-parallel geometry. The authors specifically modelled Hα, Hβ, Hγ, Hδ and the Ca  spectra but also had to restrict their fits to line-wing comparisons as far as the hydrogen-alpha profile is concerned. Clearly, their calculated absorption self-reversal is not in agreement with the observed one. On the other hand they nicely succeeded in reconstructing the Hα/Hβ total emission ratio without a recourse to extra-atmospheric material.
Lyman-lines balance and level populations
If a radiative transition is in detailed balance, the net radiative rate in the line is zero. Detailed balance assumes large optical thickness so that the line radiation field is locally in equilibrium with the level population and the non-local radiative transfer effects are negligible. There have been numerous discussions indicating that the solar Lyman lines are in detailed balance at depths where the Balmer lines are formed. Given the model atmosphere the levels up to 2 may be affected but at the optical depths ∼0.1 for the Lyman continuum the effect to level populations may also come from the (log) column mass points <−5 (e.g. Milkey & Mihalas 1973) . We considered the computations in both detailed balance and with properly recomputed radiative rates but the gross effect on the hydrogen alpha transition is very small.
The ionization ratio as well as the level departure coefficients indicate that only the first level is strongly controlled by ionizing radiation from the transition region (log DM ≈ −3). The higher level departure coefficients are determined by conditions in the lower chromosphere. The departure coefficients are larger than unity also starting from the lower chromosphere, reflecting population/depopulation processes. The largest effect is again for the first hydrogen level.
Metallicity
We have devoted considerable effort to understanding how the variability of the star and its chromospheric activity influences the hydrogen alpha profile, but an abundance analysis is also needed. We derived a preliminary metallicity from several transitions in the region 6330-6650 Å, but heavy blending is present as a result of the high value of v sin i. Consequently, we adopted the values responsible for velocity fields from Strassmeier (1996) . Afterwards, some reference transitions were adopted for the first iteration, namely Ca  6439.08, Fe  6401.00, Fe  6411.66, Fe  6393.60 and Fe  6609.11 Å.
Having determined the abundances we included further single or simply blended transitions (Ca  6343.3, Fe  6344.15, Fe  6421.35, Fe  + Ca  6462.71, Fe  + Ti  6456 and Fe  6593.4 Å). A more advanced abundance analysis, i.e. including more transitions and a careful deblending due to v sin i along with molecular identifications is, however, beyond the scope of this paper.
The average metallicities are −0.7±0.02 for Fe, and −0.35± 0.02 for Ca from the ATLAS9 model, and −0.90 ± 0.03 and −0.51 ± 0.03, respectively for the PHOENIX model (version 10.8.8, Allard & Hauschildt 1995) . The overall metallicity [M/H] is −0.53 and −0.71 from the two atmospheric codes, respectively. The ∼0.18 dex difference from the models is still in the range of the errors quoted in spectroscopic abundance analyses but the differences in the temperature-pressure diagram give the clue (effect of various opacities, atomic data, input physics like LTE vs. NLTE, geometry etc.). Table 3 for detailed model description.
Age and H-R position
There seems to be an inconsistency (in luminosity and radius for example) with regard to the distance on the one hand and stellar radius, size of the orbit, and the inclination of the rotational axis on the other hand (Oláh et al. 2002a ). This arises due to the large Hipparcos parallax and considerations of the stellar parameters as derived from radial velocities, Doppler imaging, and the light curve. Supposing the effective temperature of the K0 primary, its radius of R ≈ 6−8 R , and the mass function are derived satisfactorily, this suggests a primary mass of around 1.5−2.0 M (Oláh et al. 2002b) .
The chromospheric modelling is not directly relevant to constrain evolutionary models, particularly if the rotation rate is controlled by tidal effects in a binary rather than by agerelated breaking but to achieve global picture of target, the evolutionary status and the position on HR diagram are worth mentioning. Some realistic results can be achieved using the post-main-sequence evolutionary models of Schaller et al. (1992) . They computed models with overshooting for solar and sub-solar metallicities, various mixing-length ratios, and core-burning fragmentation (H, He burning etc.). Using their models it is indicated that the primary of UZ Librae is at an age of ≈5.0 × 10 8 yr if still in the H-burning phase. The H-burning phase is counted from the zero-age main sequence until central H-exhaustion. The lifetime scale is offered also for the He-burning phase (i.e. He fragment is burnt during main H burning phase) with the counting from the stage when two thousands of helium (in mass fraction) has been burnt to central He-exhaustion. The time scale for He-burning is ≈1.0 × 10 8 yr. In fact, the metallicity plays a negligible role here. It is beyond the limit of these evolutionary models to trace the secondary.
Conclusions
This work is the attempt to study the upper part of the atmosphere (chromosphere and transition region) of an active K0 giant with (unseen) companion. Based on the study of the radiation field via the hydrogen alpha transition by means of conventional 1D-static modelling of the seasonal mean profiles as a first step, we arrived at the following results:
1. The best approximation to the Hα profile was obtained with the chromospheric rise starting at log DM (logarithmic column mass) equal to 0.9 and the upper chromosphere ending at log DM ≈ −1.8 with a temperature of ≈7400 K. 2. The transition region/coronae ends at the temperature of about 100 000 K extending almost linearly to that value corresponding to log DM = −6. 3. Evidence for circumstellar matter or at least a global velocity field in form of an absorption shell comes, firstly, from the Hα FWHM that exceeds the v sin i value by almost a factor two, secondly, the existence of a variable central absorption self-reversal and, thirdly, by a persistent asymmetry of the Hα-emission profile, extending out to perhaps 1.5 R . 4. Two-Gaussian fitting of the Hα-line profile suggests a variable velocity field; the radial velocities of the hydrogen emission display rotational modulation. 5. The hydrogen emission equivalent width (as derived from the numerical integration of the Gaussian fits) possibly displays rotational modulation as well as several sudden flarelike events at discrete phases. 6. The more dramatic changes of the line profiles occur mainly in the red line wing, suggesting down-flow events at its formation height. 7. A comparison with evolutionary models suggest inconsistencies of basic parameters such as luminosity and age, and may be interpreted as evidence for additional processes linked to atmospheric mass motions, a circumstellar absorption shell, mass transfer, and chromospheric activity of the main K0 component. The complex properties of binary and heterogeneous chromosphere properties in particular can not be fully disentangled by seasonal profiles study. 8. Finally, our preliminary metallicity of the system is subsolar, [M/H] ≈ −0.5 from a comparison with ATLAS9 models or −0.7 from a comparison with PHOENIX models.
These conclusions support a picture of chromospheric activity of the primary together with extra absorption in form of a circumstellar shell (possibly stable prominences). However, atmospheric modelling at this stage can not distinguish between a stellar radius of 3 or 6−8 R , as obvious from the discrepancy due to the surprisingly large Hipparcos parallax, instead plane-parallel mode is suitable as a first step in modelling. We intend to follow-up this study with a more detailed study of the effects of surface flow velocities and with overall energy distribution including the individual IUE satellite emission features in spectra as well. The rotational modulation of the Hα profile is remarkable for an active star, and this deserves special consideration of both radiation and velocity fields as well as other solar-type phenomena, such as spiculae-like velocity outflows and inflows.
